This paper reports a microfluidic system for biophysical characterization of red blood cells (RBCs) at a speed of 100-150 cells s
Introduction
Because of the physiological and pathological importance of RBCs, their biophysical properties (mechanical and electrical properties) have been under intensive study over the past decades. [1] [2] [3] The mechanical property of RBCs is essentially determined by the membrane skeleton, and the interaction between the membrane skeleton and membrane integral proteins. 4, 5 RBCs' exceptional capacity to deform is of crucial importance to both macro and microcirculation. The high deformability of normal RBCs enables them to pass capillaries that are smaller than the diameter of RBCs. A range of diseases have been described in association with impaired RBC deformability, such as sepsis, 6, 7 malaria, 8, 9 sickle cell anemia (hemoglobin disorder), 10, 11 and myocardial ischaemia and microvascular dysfunction. 12 In the meanwhile, the electrical properties of RBCs have also been correlated to pathological conditions. [13] [14] [15] For example, the ion channel conductance of malaria parasite infected RBCs is lower than the uninfected RBCs due to the blockage of ion channels by the parasites. 16 A number of technologies have been used for measuring single RBC's biophysical properties, 17, 18 for instance, micropipette aspiration, 19 atomic force microscopy, 20, 21 and optical tweezers 22, 23 for mechanical measurement and patch-clamping for electrical measurement. 14, 16 However, these technologies are difficult to use and have a low testing speed. The heterogeneity of RBCs within a sample demands a higher testing throughput in order to obtain statistically significant data, and thus, determine RBCs' genuine mechanical and electrical properties. Microfluidic technologies have gained momentum in single RBC biophysical characterization. 9, 24, 25 Microchannels were used to generate fluid stress for investigating membrane viscoelastic properties of RBCs. Deformation index was quantified using high-speed imaging as an indicator of RBCs' deformability. 26 Bow et al. recently reported a deformabilitybased RBC testing device using constriction channels. Resulting flow velocities were used to distinguish malaria infected RBCs from normal RBCs. 8 Microfluidic devices have also been employed to mechanically characterize individual RBCs by examining the duration needed for electroporation induced lysis. 27 Microfluidic devices for single-cell electrical measurement were also developed based on micro patch-clamping, [28] [29] [30] [31] electrorotation 32, 33 and impedance flow cytometry. 34, 35 Patchclamping characterizes cellular electrical properties by aspirating a cell membrane patch into a microchannel to form a high electrical resistance seal. Due to the rectangular-like shape of microchannels and the high deformability of RBCs, aspirating only a patch of the RBC membrane (vs. sucking whole RBCs into a microchannel) is difficult to realize on micro patchclamping devices. Electrorotation was previously used for RBC measurement; 32 however, it is difficult to achieve efficient rotation in high conductivity physiological buffer, and throughput is extremely low. Impedance flow cytometry 34, 35 constructed by bonding PDMS microchannels on a glass slide. Two Ag/AgCl non-polarizable electrodes were connected to the function generator (sinusoidal voltage at 100 kHz @1.0 V pp ) and the lock-in amplifier (SR850, Stanford Research Instruments, USA) and inserted into the inlet and outlet ports of the microfluidic device. The analog outputs of the lock-in amplifier were sampled with a 16-bit DAQ card (NI PCI-6229, National Instruments, USA) and data capture software (LabVIEW, National Instruments, USA). Dilute blood sample was pipetted into the inlet reservoir of the device and driven through the constriction channel by hydraulic pressure difference (see Fig. 1(b) ). Fig. 1(c) shows the equivalent circuit model. The channel is equivalent to a resistor R channel and a capacitor C channel connected in parallel. 38 As a RBC (including membrane capacitance C cell and cytoplasm resistance R cell ) 39, 40 passes through the constriction channel, it perturbs the electric field in the volume within the channel and generates a current impulse. R leak represents the sealing resistance between the RBC membrane and channel walls. In the mean time, the current change of the circuit loop is sensed via input impedance (I inner ) of the lock-in amplifier (10 MV + 25 pF), amplified and recorded by the data capture software. Outputs of the lock-in amplifier consist of the real component (X) and the imaginary component (Y). The amplitude (A) and phase (W) were calculated according
System overview
An algorithm was used to extract the transit time (the time duration taken by a cell to travel through the constriction channel, DT), the amplitude ratio (the ratio between the lowest amplitude value captured when the cell squeezes through the constriction channel and the amplitude value with no cell in the constriction channel, (A 2 DA)/A), and the phase difference between with cells and without cells (DW). Compared with previously reported microfluidic devices for biophysical measurements, this design has a few advantages. Firstly, almost all electrical field lines are forced to penetrate RBCs' membrane and hemoglobin inside, making the device more sensitive to minute biophysical differences. Secondly, our measurement is purely electrical, eliminating the need for microscopy imaging and hence, permitting high measurement throughputs. High-speed cameras (tens of kHz) generate gigabyte data per second and can only record for a few seconds due to limited memory. Processing massive amounts of image data also takes tremendous computation efforts and time. Therefore, for microfluidic single cell measurement systems, high-speed imaging offers high speeds, but the total number of data points (i.e., sample size) is limited. 27, 41 Thirdly, no sheath flow is required on our device.
Since the constriction channel's cross-sectional area is smaller than the diameter of RBCs, only a single RBC is permitted to pass through the constriction channel in a given time instance simply by tuning the density of the RBC suspension.
Materials and methods

Device fabrication
The constriction channel (first layer) was fabricated with SU8-2002 (5 mm 6 3 mm) (MicroChem Corp., Newton, MA, USA) on a glass slide. A second layer of SU8-25 was then spin coated on the glass slide covered with the first layer features, soft-baked, and exposed to UV light with alignment, followed by postexposure bake, development and hardbake. The loading channel's cross-sectional area (1000 mm 6 30 mm) is much larger than that of the constriction channel. Hence, the impedance of the device is mainly determined by the constriction channel. The microchannels were molded with PDMS (Ellsworth Adhesives, ON, Canada), punched to form inlet and outlet ports, and bonded to a glass slide treated with a corona-treater (Electro-Technic Products Inc., Illinois, USA).
Blood samples and experimental protocol
Peripheral blood samples were obtained following routine blood tests at the hospital hematology laboratory. Blood samples were collected using commercial vacuum tubes with EDTA anticoagulant (ethylenediaminetetraacetic acid 1.5 mg ml
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) (SigmaAldrich, Oakville, ON, Canada). The adult (n = 5) and newborn samples (n = 5) were of normal individuals with the complete blood counts performed by a standard commercial hematology analyzer (Sysmex XE-2100, Kobe, Japan). Hematologic information of all 10 samples is summarized in the electronic supplementary information (ESI) Table S.1.{ In the experiments, 10 mL blood was diluted in 500 mL PBS (Sigma-Aldrich, Oakville, ON, Canada) mixed with 0.2% w/v Pluronic (SigmaAldrich, Oakville, ON, Canada) and 1% w/v BSA (New England Biolabs Inc., Herts, UK). Pluronic and BSA were used for preventing non-specific adhesion to the channel walls. The dilute samples were placed for 20 min before usage. Before the sample was pipetted into the inlet port of the device, the microchannel was filled with PBS solution with 0.2% w/v Pluronic and 1% w/v BSA. A pressure difference (50 Pa) between the inlet and outlet ports was applied for 30 min to ensure the equilibrium in lubrication of the channel walls. A 5 mL dilute blood suspension was then pipetted into the entrance of the cell loading channel. The two Ag/AgCl non-polarizable electrodes were inserted into the inlet and outlet ports of the device. A negative pressure of 3 kPa was then applied to aspirate cells continuously through the constriction channel while electrical data was sampled.
Electrical measurement and data analysis
A sinusoidal voltage (100 kHz @1.0 V pp ) was applied to the two Ag/AgCl electrodes. When an RBC is aspirated into the constriction channel, it blocks electric field lines and causes the current in the circuit loop to drop. During experiments, the real component (X) and the imaginary component (Y) of the lock-in amplifier output were sampled at 120 kHz. X and Y were converted to amplitude (A) and phase (W). Fig. 2 shows amplitude profiles of a single RBC, two RBCs, a single platelet, and a single WBC within the constriction channel (phase profiles are presented in the ESI,{ Fig. S.1) .
The present throughput of our system is 100-150 cells s 21 . The variation in throughput depends on cell density differences across patient samples. Fig. S.2{ shows an example set of raw measurement data. A threshold is defined as 98% of the basal amplitude (the amplitude without cell presence in the constriction channel) (see Fig. 2(a) ). Comparing a signal and the threshold amplitude value, the portions where the signal's amplitude is lower than the threshold value were considered as cell passage regions. A quadratic polynomial peak detector was used to detect the valleys within the cell passage regions. The time period between the two intercepts with the threshold value was interpreted as cell transit time (DT), which is determined by the cell's size and mechanical stiffness. The amplitude ratio ((A 2 DA)/A) (see Fig. 2(a) ) and the phase increase (DW) (see ESI,{ Fig. S.1(a)) were quantified as the cell's electrical signatures. If the transit time of a region is longer than 20 ms (vs. y2 ms for RBCs), this region is known to be caused by the passage of a WBC and excluded from the RBC data. Meanwhile, more than one valley within a cell passage region suggests the passage of more than one cell (see Fig. 2(b) ). Since the electrical field lines are highly concentrated by the constriction channel to penetrate the cell, the electrical signal generated by a single RBC in our experiments was readily distinguishable from the background noise (SNR ¢ 29 dB). No preamplifier and additional filters were required. Fig. 3 Ratio of the amplitude change and the basal amplitude vs. aspiration pressure. Device sensitivity becomes lower at higher aspiration pressure due to RBC deformation and larger leakage current. Fig. 4 Histograms of transit time, amplitude ratio and phase increase attained from an adult sample (22 669 cells measured) before (red) and after (cyan) the exclusion of platelets and debris. Circled populations are platelets and debris.
Results and discussion
Selection of channel dimension, signal frequency, and applied pressure Constriction channels having a smaller cross-sectional area can form a better seal between the RBC membrane and the channel walls. However, RBCs collapsed when the cross-sectional area was much smaller than RBCs' diameter. Fig. S .3{ summarizes the behavior we experimentally observed when RBCs were aspirated through the constriction channel. For constriction channels with a cross-sectional area of 1 mm 6 3 mm, almost 100% RBCs collapsed at the entrance of the constriction channel ( Fig. S.3(a){) . For constriction channels with a cross-sectional area of 2 mm 6 5 mm, the majority of RBCs were elongated and then collapsed within the constriction channel (Fig. S.3(b){) . For constriction channels with a cross-sectional area of 3 mm 6 5 mm (chosen for our experiments), all RBCs showed folded morphology, and no RBCs collapsed (Fig. S.3(c) , video S.1{). RBCs are highly deformable. The cell shape in the constriction channel is altered by fluid shear stress. At higher aspiration pressures, RBCs are further deformed in the shear stress direction, resulting in a poorer seal between the RBC membrane and constriction channel walls. Consequently, signal change with and without the presence of a cell in the constriction channel becomes smaller due to larger leakage current. Fig. 3 shows the ratio of the amplitude change and the basal amplitude, measured on the same blood sample at different aspiration pressures. Each data point in the figure is from approximately 1,000 cells. In our subsequent experiments, 3 kPa was chosen for a balance between throughput and detection sensitivity. At this aspiration pressure, the velocity of the fluid in the constriction channel is approximately 30 mm s 21 . As to frequency selection, the frequency should be high enough to enable the electrical field lines to penetrate the RBC membrane such that the electrical property of RBCs can be reflected by the measured electrical signal. Additionally, the frequency should not be too high. Too high a frequency would result in extremely low impedance of C channel (see Fig. 1(c) ) and make electrical field lines undesirably obviate the cell in the constriction channel. 38, 42 We experimentally selected 100 kHz for subsequent experiments.
WBCs and platelets
Although RBCs represent over 90% of blood cells, white blood cells (WBCs) and platelets remained in the raw blood samples. WBCs and platelets were excluded in data processing. As shown in Fig. 2 , electrical signals measured from RBCs, WBCs, and platelets are drastically different, thus using amplitude ratio alone proved highly effective to distinguish WBCs and platelets from RBCs. Fig. 4 shows histograms attained from an adult blood sample (22,669 cells measured). The red colored histograms show data after the exclusion of WBCs. The relatively small population (circled) within the blood sample barely perturbed the electrical field lines. This population was made up of platelets and debris that have diameters smaller than 3 mm. The ''cyan'' data in Fig. 4 are transit time, amplitude ratio, and phase increase with fitted normal distributions after excluding platelets and debris.
RBC measurements
Our microfluidic system (frequency: 100 kHz, pressure difference: 3 kPa, constriction cross-section area: 3 mm 6 5 mm) tested adult RBCs (5 samples, y16,000 cells per sample) and neonatal RBCs (5 samples, y16,000 cells per sample). As discussed earlier, WBCs and platelets were easily distinguished from RBCs using their distinct transit time and amplitude ratio. Additionally, the analysis of experimental data confirmed that multiple-valley events account for less than 5% of the total events, indicating the occurrence of two or more RBCs (vs. single RBCs) inside the constriction channel simultaneously was rare (,5%). parameters was identified and fitted to normal distribution profiles (see Fig. 5(b) ). Histograms of individual samples are presented in the ESI Fig. S.4 .{ A back propagation neural network was used for pattern recognition (MATLAB, MathWork, USA). The input data have three groups of parameters (transit time, amplitude ratio, and phase increase) measured on RBCs. The complete dataset was divided into training data (70%), validation data (15%), and testing data (15%) to quantify adult vs. neonatal RBC classification success rates (i.e., accuracy). RBC classification success rates were 76.2% (transit time + amplitude ratio), 78.1% (amplitude ratio + phase increase), 77.9% (phase increase + transit time), and 84.8% (amplitude ratio + phase increase + transit time), suggesting multiple parameters (transit time, amplitude ratio and phase increase), when used in combination, can provide a higher cell classification success rate. Besides the success rate of 84.8%, sensitivity (true positive/(true positive + false negative)) and specificity (true negative/(true negative + false positive)) were 80.2% and 89.2%, respectively (see ESI Fig.  S.5{ ).
Cell transit time is determined by RBCs' volume, membrane stiffness, and the friction between the membrane and channel walls. The electrical impedance amplitude ratio and phase increase are determined by RBCs' volume, ion channels on the membrane, and the density of hemoglobin. Hence, transit time, amplitude ratio, and phase increase are not completely independent parameters (e.g., they are all affected by cell volume). The neural network classification results also indicate that all three parameters can reflect unique properties of RBCs, and higher classification success rates were obtained when these parameters were used in combination.
The amplitude change during a cell's passage through the constriction channel is caused by the blockage of the electrical field lines. Fig. 6(a) As shown in Fig. 6(b) , transit time as a function of RBC volume can be fitted into a single line for both adult RBCs and neonatal RBCs. The transit time of RBCs under a constant negative pressure is determined by the friction force between the membrane and channel walls (friction force = contact pressure 6 contact area 6 friction coefficient, where contact pressure is related to membrane stiffness and friction coefficient is related to membrane composition). It is known that the lipid layer composition and membrane stiffness of neonatal and adult RBCs are very close. 43, 44 Hence, contact pressure and friction coefficient should be comparable for adult and neonatal RBCs. In the constriction channel, contact area is proportional to RBC volume. Therefore, it is not surprising that transit time as a function of RBC volume can be fitted into a single line for both adult and neonatal, indicating that the transit time difference for adult RBCs and neonatal RBCs were mainly caused by their volume difference.
Conclusion
This paper presented a microfluidic system capable of measuring multiple biophysical parameters on single RBCs. Compared with previously reported microfluidic devices for single RBC biophysical measurement, this system has a higher throughput (100-150 cells s
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), higher signal to noise ratio, and the capability of performing multi-parameter measurements. The microfluidic system may have potential applications in drug efficacy testing and RBC property characterization relevant to clinical conditions. Pattern recognition confirmed that a combination of measurements of transit time, electrical impedance amplitude, and impedance phase resulted in a high success rate in classifying fetal/neonatal and adult RBCs. However, the achieved 89.2% specificity and 80.2% sensitivity for cell classification require further improvement for diagnostics applications such as rare fetal RBC enumeration in adult blood.
